INFLAMMATORY BOWEL DISEASE (IBD) is a chronic inflammatory condition that affects the gastrointestinal (GI) tract. IBD affects 1.4 million people in the United States and 2.2 million people in Europe (49, 65) . Thus understanding the etiology and the relevant pathological mechanisms of IBD are of great interest in the gastroenterology field. Two clinical forms of IBD have been extensively studied: Crohn's disease (CD) and ulcerative colitis (UC). In CD, inflammation occurs anywhere throughout the GI tract but primarily affects the ileum, whereas, in UC, the colonic mucosa is principally involved (43) . However, both diseases are thought to feature alterations in the immune response to GI microbiota in individuals genetically predisposed to IBD, which is characterized by intestinal epithelial barrier disruption and an influx of immune cells (64) . These events increase the extent of inflammation and upregulate proinflammatory cytokine production (50) . Although the precise etiology of IBD remains unknown, several key mechanisms of IBD pathogenesis have been identified in vitro using animal models and via genetic analyses of IBD-affected individuals. In the present review, we will focus on one member of the proton-coupled oligopeptide transporter (POT) family, PepT1, and the role played by this protein in intestinal inflammation. We will summarize the status of present research suggesting the existence of an important link between PepT1 transporter activity and initiation of the innate immune response in IBD.
The POT Superfamily
The POT family includes four transporter proteins belonging to the SLC15A solute carrier group: two H ϩ -coupled oligopeptide transporters, PepT1 (SLC15A1) and PepT2 (SLC15A2), and two peptide/histidine transporters (PHTs), PHT1 (SLC15A4) and PHT2 (SLC15A3). POT members transport a vast array of di/ tripeptides and also various peptide-derived drugs (29) . In contrast to the PepT transporters, PHT family members transport free histidine in addition to di/tripeptides (29) . The expression levels of POT family members vary among the tissue and cell types of the body; the expression patterns also vary among species. PHT1 expression has been detected in the human brain, retina, placenta (29) , and immune cells (8) , in addition to the human cell lines HeLa, HEK293T, and MCF-7 (47) . Although the function of PHT2 is poorly understood, this protein is expressed in immune tissue including the spleen and thymus (29, 63) , in addition to the lung, heart, and adrenal gland (63) . PHT1 and PHT2 are only 20 -26% homologous to PepT proteins at the amino acid level (37) , and work on the roles played by PHT proteins in both health and disease has only recently been initiated. However, many studies have explored the roles played by PepT1 and PepT2, and an understanding of the functions of these proteins in both health and disease is emerging.
Originally, PepT2 expression was considered to be primarily confined to the kidney, so PepT2 was termed the renal isoform. However, expression is also evident in several other tissues and cell types including astrocytes and epithelial cells within the choroid plexus (79) , enteric glial cells (11) , lung epithelial cells (5, 35) , myeloid cells (17) , nasal epithelium (4), and many cell lines including HEK293T, HeLa, and MCF-7 (47). PepT1 is known as the intestinal isoform because the protein is primarily expressed in the brush border membranes of enterocytes of the small intestine. PepT1 and PepT2 share 50% amino acid sequence identity, and both proteins transport di/tripeptides but not tetrapeptides or free amino acids using the energy generated by an inwardly directed transmembrane proton gradient (7) . Hydropathy plots predict that both PepT proteins contain 12 membrane-spanning domains and that both the amino-and carboxy-termini are most likely located in the cytoplasm (11, 21, 31) . However, the three-dimensional structures of PepT1 and PepT2 remain unknown. Because of the high expression of PepT1 in the intestine, several studies have sought to identify the role played by the protein in diseases that affect the GI tract, including IBD.
Structure, Function, and Expression of PepT1
The cDNA encoding human PepT1 is 2,263 base pairs in length and has an open reading frame of 2,127 base pairs, encoding a 708-amino-acid protein (16) . The predicted molecular weight of PepT1 is 78 kDa (48). Many site-directed mutagenesis studies have identified amino acids within PepT1 that are necessary for substrate binding and transport (52) ; these include the extracellular histidine residue of the second transmembrane domain (H57). When this histidine is mutated, PepT1 function is eliminated (28) . Additionally, the first four amino-terminal and the seventh and ninth transmembrane domains are required for substrate binding and transporter functionality (29) . Hydropathy analysis predicts the existence of a 200-amino acid hydrophilic segment between transmembrane domains 9 and 10, presumably containing seven N-linked glycosylation sites and two potential protein kinase C-dependent phosphorylation sites (37) . Several studies have shown that the human intestinal cell line, Caco2-BBE, is an appropriate model for exploration of the expression and function of PepT1. Earlier work on dipeptide uptake by Caco-2 cells determined that uptake was twofold greater when the extracellular pH was pH 6.0 compared with pH 7.5 (2). Additionally, Thwaites et al. (72) found that intracellular pH decreased when the dipeptide, glycylsarcosine (Gly-Sar), was added to the medium, and, in a separate study, Brandsch et al. (2, 12) reported that intracellular acidification of Caco-2 cells upon addition of NH 4 Cl to the medium decreased the transport of Gly-Sar. Overall, these reports, among others, established that di/tripeptide PepT1 transport was mediated by an inwardly directed proton gradient.
PepT1 is primarily expressed in the brush border membranes of enterocytes of the small intestine. However, expression has also been detected in nasal epithelium, kidney cells, bile duct epithelial cells, and macrophages (4, 15, 16) . PepT1 is most abundantly expressed in the jejunum, followed by the ileum, and little or no expression is evident in the normal colon, stomach, or esophagus (60) . Recent work has shown that PepT1 associates with lipid rafts within small intestinal brush border membranes and that this association modulates peptide transport, based on the polarity of the cell type analyzed (58) . Under normal physiological conditions in the small intestine, intestinal epithelial cells apically express PepT1, which aids in the transport and absorption of di/tripeptides from the diet. During chronic inflammation, however, the expression profile of PepT1 within the GI tract is altered. In patients with chronic diseases such as IBD and short bowel syndrome, PepT1 expression is upregulated such that the protein is expressed in the colon (53, 80) . This enhanced expression of PepT1 may be explained in several ways. For example, upregulation of proinflammatory cytokine and hormone levels during disease may enhance PepT1 expression. Both TNF-␣ and IFN-␥ levels are upregulated in IBD patients, and both cytokines are capable of enhancing PepT1 expression and transport activity in the human intestinal cell line Caco2-BBE (13, 76) . Recently, it was shown that IFN-␥ upregulated PepT1 expression and transport function in primary human intestinal monolayers (32) . Furthermore, in addition to proinflammatory cytokines, the adipocytesecreted hormone leptin has been found to increase PepT1 expression and to act on Caco2-BBE cells. Leptin-mediated upregulation of hPepT1 promoter activity was dependent on expression of the transcription factors CREB and Cdx2 (56) . Interestingly, leptin is not expressed in the small or large intestines of healthy individuals but has been detected in colonic epithelial cells from inflamed tissues (68) .
Pathogenic bacteria have also previously been shown to induce expression of PepT1 in the colon (59). Nguyen et al. (59) showed that in vitro, enteropathogenic Escherichia coli enhanced PepT1 expression and transport activity in the human colonic epithelial cell line HT29-Cl.19A, which does not normally express PepT1. Increased synthesis of PepT1 was dependent on activation of the Cdx2 transcription factor. In vivo, Citrobacter rodentium (C. rodentium) induced PepT1 expression in both the proximal and distal colon of mice (59) . Interestingly, in cell cultures prepared from colons of transgenic mice in which PepT1 was overexpressed on the villin promoter, C. rodentium attachment was attenuated compared with the levels associated with wild-type colon cultures. In addition, KC mRNA and protein levels were downregulated when PepT1 expression increased (59) . These data suggest that PepT1 may play a protective role during C. rodentium infection. In a separate study, Lactobacillus casei, a probiotic bacterium, increased PepT1 transporter activity in Caco-2 cells (57). Finally, butyrate, a short-chain fatty acid produced in the colon by bacterial fermentation of carbohydrates, enhanced PepT1 expression in Caco2-BBE cells via a pathway involving Cdx2 activity (26) . Stimulation of Caco2-BBE cells with butyrate also enhanced PepT1 transporter activity. Overall, work in this area has shown that bacteria and/or bacterial products play a role in regulating PepT1 gene expression and activity.
A recently described class of noncoding RNAs, microRNAs, regulate gene expression via cleavage of mRNA complexes or via translational inhibition (62) . Recently, Dalmasso et al. (27) showed that microRNA-92b specifically regulated PepT1 expression in differentiating Caco2-BBE cells. MicroRNA-92b suppressed PepT1 expression at both the mRNA and protein levels, and upon transfection with microRNA-92b, PepT1 transporter activity decreased (27) . Overall, previous findings have shown that PepT1 expression is regulated by various means in the colon. When PepT1 expression becomes upregulated during chronic inflammation, PepT1-mediated transport of di/tripeptides increases, and disease may be exacerbated if the peptides internalized are pathogenic.
PepT1 Uptake of Bacterial Di/tripeptides Triggers Inflammatory Responses in Intestinal Epithelial Cells
The concentrations of bacterial di/tripeptides are much lower in the small intestine than in the colon, as might be expected from the fact that the human small intestine contains only low numbers of prokaryotes. Interestingly, PepT1 expression is normally restricted to the small intestine, where bacterial peptide concentrations are low, reflecting the low bacterial load of this tissue compared with that of the colon. Thus the profile of PepT1 expression along the normal human digestive tract is such that bacterial peptides have little access of PepT1, a condition that minimizes intracellular uptake of bacterial peptides. This normal expression pattern becomes altered in patients with IBD; thus with chronic UC or CD, PepT1 expression becomes evident in the colon. Commensal bacteria colonizing the human colon produce significant amounts of di/ tripeptides, and several studies have shown that PepT1 can transport these small molecules into various cell types. Therefore, expression of PepT1 in the colon may lead to increased intracellular accumulation of prokaryotic peptides, triggering downstream proinflammatory effects. Previous work showed that PepT1 transported N-formylmethionyl-leucylphenylalanine (fMLP), a tripeptide produced by Escherichia coli, into both intestinal epithelial cells (54) and the human monocyte cell line KG-1 (15) . PepT1-mediated transport of fMLP into Caco2-BBE cells was increased upon stimulation with IFN-␥ (54).
After transport of fMLP by PepT1 was described, other di/tripeptides commonly found in the colon were evaluated as PepT1 substrates. Our laboratory and others reported that other small bacterial peptides were transported by PepT1; these included muramyl dipeptide (MDP) (75) and L-Ala-␥-D-Glumeso-diaminopimelic acid (Tri-DAP) (24) . MDP is a motif found in peptidoglycans within the cell walls of Gram-negative and -positive bacteria, whereas Tri-DAP is a degradation product of peptidoglycan, primarily from Gram-negative bacteria. Upon cellular uptake by intestinal epithelial cells via PepT1 action, bacterial di/tripeptides in the cytosol activate inflammatory signal transduction pathways and trigger downstream effector functions.
After it was established that PepT1 transports small bacterial peptides, several studies explored the downstream consequences of transport of these di/tripeptides in intestinal epithelial cells. Uptake of fMLP by colonic epithelial cells was shown to increase expression of major histocompatibility (MHC) class I molecules (53) . Interestingly, previous studies in mice had shown that MHC class I molecules, including H-2M3a, present fMLP at the cell surface (19) . These results suggest that transport of fMLP may lead to increased antigenic presentation of bacterial products by colonic epithelial cells. Therefore, induction of PepT1 expression in the colon may cause colonic epithelial cells to become more sensitive to the presence of bacterial peptides and to activate inflammatory pathways. Additionally, treatment of Caco2-BBE cells with fMLP increased the activation of NF-B and activator protein-1 transcription factors (14) . MDP and Tri-DAP also initiated NF-B activity in Caco2-BBE cells, as was also true of fMLP in intestinal epithelia (24, 75) . Additionally, Tri-DAP mediated MAPK pathway activation and upregulation of IL-8 production in Caco2-BBE cells (24) . MDP-stimulated Caco2-BBE cells exhibited upregulation of IL-8 and monocyte chemoattractant protein (MCP)-1 (75) . Interestingly, mucosal IL-8 and MCP-1, chemoattractants for neutrophils and monocytes, respectively, are also upregulated in colonic IBD regions (6) . In a separate contrasting study, primary murine macrophages transported MDP in a PepT1-independent manner, suggesting that PepT1 transport may be cell and/or species specific (51) . Overall, the data suggest that PepT1-mediated transport of bacterial peptides by intestinal epithelial cells results in downstream activation of inflammatory pathways, leading to migration of activated immune cells toward regions with higher bacterial loads, including the colon (Fig. 1) . Earlier work showed that PepT1 could transport bacterial di/tripeptides into cells to initiate inflammatory functions; however, the mechanism underlying activation of downstream transcription factors remains under investigation. Recent data from our laboratory and others suggest that PepT1-mediated transport of bacterial di/tripeptides leads to interactions between bacterial di/tripeptides and intracellular innate immune receptors, initiating a proinflammatory response.
PepT1 Interactions with Innate Immune Receptors
In addition to maintaining efficient physical and biological barriers, the intestinal epithelium plays an active role in modulating the innate and adaptive immune systems. Sensing the presence of a pathogen is the first step toward mounting an effective immune response, required for the elimination of invading pathogens and the subsequent development of protective immunity. The innate immune system includes receptors that can sense pathogen-associated molecular patterns. One group of receptors is the nucleotide-binding oligomerization domain (NOD)-like receptor (NLR) family. This family includes more than 20 related members present in the cytosol, where these receptors recognize ligands (41) . NOD receptors contain amino-terminal domains termed caspase-recruitment domains, a NOD, and several carboxy-terminal leucine-rich repeats (10) . Interestingly, ligands specific for NOD1 and NOD2 are also transported by PepT1 in certain cell types. NOD1 is activated by peptides that contain a diaminophilic acid, including the PepT1 substrate, Tri-DAP (46) . NOD2 recognizes muramyl dipeptides, including the PepT1 substrate MDP (34, 41) . Upon binding of ligands to NOD receptors, NOD interacts with receptor-interacting serine/threonine-protein kinase 2, which phosphorylates the "inhibitor of NF-B kinase", resulting in downstream NF-B activation. Previous studies identified mutations in the NOD2 gene in patients with CD (39, 61) . These polymorphisms are present in 8 -17% of Caucasian patients with CD (9), and homozygous individuals have up to a 20-fold increased risk of developing CD (but not UC) (22) . Many studies have shown a link between PepT1 transport of bacterial peptides into intestinal epithelial cells and enhancement of inflammatory effector functions. However, the mechanism by which bacterial di/tripeptides activate inflammatory pathways remains unclear. Several recent relevant studies have focused on the roles played by POT family members, including PepT1, and the ability to transport bacterial peptides intracellularly, leading to interactions with innate immune receptors such as NOD receptors.
Dalmasso et al. (25) recently described an in vivo link between hPepT1 transport and NOD2 interaction. Transgenic mice expressing hPepT1 specifically on intestinal epithelial cells (transcription of the encoding gene was driven by the . Upon intracellular accumulation of bacterial di/tripeptides, the NF-B pathway is activated and downstream proinflammatory cytokine and chemokine production increases. Disruption of barrier function is associated with IBD; therefore transport of fMLP, MDP, and Tri-DAP most likely occurs via the paracellular pathway, as well as through PepT1-mediated transport. Once in the lamina propria, fMLP and other bacterial di/tripeptides may be taken up by macrophages. Upon PepT1-mediated transport of fMLP, macrophages upregulate major histocompatibility class I molecules. The increased production of cytokines/chemokines most likely contributes to increased cellular infiltration into areas of inflammation. MCP, monocyte chemoattractant protein.
villin promoter), or systemically (genetic transcription was driven by the ␤-actin promoter), showed exacerbation of colitis compared with that of wild-type littermates. hPepT1 transgenic mice experienced greater weight loss, enhanced neutrophil infiltration, and more pronounced upregulation of proinflammatory cytokine mRNA levels upon dextran sodium sulfate (DSS) treatment, an established murine model of colitis. Exacerbated colitis in ␤-actin-hPepT1 transgenic mice was dependent on the presence of bacteria in the colon and NOD2 expression (25) . These data suggest that PepT1 transporter activity plays an important role in increasing the intracellular concentration of bacterial peptides that subsequently interact with NOD2 to mediate downstream inflammatory functions. Future studies should address the in vivo roles played by PepT1-mediated transport and innate immune receptors including NOD receptors and intracellular Toll-like receptors (TLRs) in intestinal inflammation. Furthermore, it will be necessary to generate PepT1-deficient mouse strains for use in models of inducible colitis. Such strains will permit exploration of how endogenous colonic levels of PepT1 affect the severity of colitis. It may be hypothesized that, in the absence of PepT1, colitis would be attenuated because of a decrease in the level of transport of bacterial peptides.
Interestingly, PepT1 is not the only POT family member that is known to play a role in the intracellular transport of ligands that activate innate immunity. In vitro knockdown of PHT1 in HEK293T cells decreased NF-B activity upon stimulation with the NOD1 ligand Tri-DAP (47) . In vivo, PHT1-deficient mice experienced less severe DSS-induced colitis than did controls and were impaired in terms of NOD1-dependent cytokine production (66) . In a separate study, it was shown that a mutation in SLC15A4 (creating the so-called "feeble mouse" strain), which encodes PHT1, caused a decrease in IFN type I production triggered by TLR7-and TLR9-dependent signaling pathways in plasmacytoid dendritic cells (8) . PepT2 also acted as an MDP transporter in human myeloid cells, where PepT2 expression was associated with phagosomes (17) . Finally, ␥-iE-DAP, a peptide derived via breakdown of the cell wall of Gram-negative bacteria, was recognized by NOD1 in lung epithelial cells after PepT2-specific transport in association with receptor interacting protein-2 action. PepT2/NOD1-mediated signaling led to increased NF-B activity and a rise in the production of proinflammatory cytokines (70) . Interestingly, preliminary clinical studies have suggested that PHT1 mRNA levels are upregulated in patients with UC and CD (47) . These data, while preliminary in nature, suggest that there may be a mechanistic role for PHT1, in addition to PepT1, in intestinal inflammation. Overall, work to date has demonstrated the importance of PepT1 and other POT family members in the transport of bacterial peptides into cells, initiating inflammatory responses via recognition of such peptides by innate immune receptors. Therefore, determination of the expression levels of PHT1 and PHT2 in the colon during colitis may be important to enhance our understanding of the roles played by di/tripeptide transport in the inflammatory response occurring during IBD. Although PepT1 action has been implicated in both cellular and animal models of intestinal inflammation, the genetic linkage of PepT1 to human disease has only recently been discovered.
A PepT1 Polymorphism is Associated with IBD
PepT1 expression is upregulated in patients suffering from IBD and short bowel syndrome (53, 80) . However, until recently, little evidence was available that directly associated PepT1 polymorphisms with human intestinal disease. After the discovery of several genes, including NOD2, that mediated susceptibility toward IBD (33, 39, 61) , and after the accumulation of evidence implicating PepT1-mediated transport of NOD ligands and other bacterial peptides in IBD, Zucchelli et al. (81) examined 12 hPepT1 polymorphisms for associations with IBD. The data demonstrate that a functional hPepT1 single nucleotide polymorphism (SNP) (rs2297322) was linked to IBD in Swedish and Finnish cohorts not carrying NOD2 mutations known to be important in IBD development. Interestingly, in Swedish cohorts, rs2297322 was associated with an increased risk of IBD; however, in Finnish cohorts the same SNP was shown to be protective against IBD (81) . Significantly, these preliminary findings suggest that this PepT1 mutation may play a role in IBD pathology in some populations; however, more genome-wide association studies will be required to determine which populations are at risk or protected in connection to this hPepT1 SNP. Preliminary in vitro functional analyses showed that mutated hPepT1 cotransfected into HEK293 epithelial cells, in addition to NF-B luciferase reporter and NOD2 constructs, resulted in more luciferase activity upon stimulation with MDP (81). These results could be attributable to enhanced intracellular transport of MDP in the presence of mutated PepT1; however, future studies are needed to confirm this hypothesis. Additionally, future studies are required to explore how the mutation affects the expression and function of PepT1 during IBD and how this specific SNP confers protection or susceptibility to IBD in various populations.
Targeting PepT1 for Treatment of Intestinal Inflammation
In addition to transporting peptides that fulfill dietary needs, PepT1 has also been shown to transport several types of peptide-derived drugs including antibiotics, inhibitors of angiotensin-converting enzyme, and anticancer and antiviral drugs (2, 3, 71) . Because PepT1 is expressed in the small intestine and is induced in the colon during inflammation, PepT1 is a potential target for treatment of both IBD and other diseases of the GI tract, including colon cancer. A particular advantage afforded by targeting PepT1 is the fact that drugs can be given orally, which simplifies drug administration. However, barriers compromising efficient drug delivery exist along the GI tract; these include physical barriers such as membranes and metabolic constraints such as enzymes and low pH.
Several studies have shown that anti-inflammatory PepT1 ligands may be useful in future treatment of intestinal inflammation. Lys-Pro-Val (KPV), a tripeptide from the COOH terminus of ␣-melanocyte-stimulating hormone, possesses antiinflammatory properties (38, 42) . Dalmasso et al. (23) showed that KPV was transported by PepT1 in vitro (23) , inhibited NF-B activation, and attenuated proinflammatory cytokine production by both Caco2-BBE and Jurkat cells that were stimulated with proinflammatory cytokines (23) . In vivo, KPV reduced the level of intestinal inflammation in mice treated with DSS or 2,4,6-trinitrobenzene sulfonic acid, which are both well-established models of inducible colitis. Attenuation of colitis was detected histologically, and proinflammatory cytokine mRNA expression levels were also decreased, suggesting that inflammation was reduced by treatment with KPV (23) . In a separate study, nanoparticles were used to target KPV to the colon. In this study, KPV nanoparticles were encapsulated in a polysaccharide gel that collapsed and released the drug load primarily in the colon (45) . Oral administration of KPV-loaded nanoparticles attenuated colitis in mice treated with DSS. Animals receiving KPV throughout DSS treatment had less neutrophil activity and lower proinflammatory cytokine levels than did controls (45) .
Colorectal cancer (CRC) is one of the most common types of malignancies (77) , and the known link between chronic intestinal inflammation and CRC development has given rise to the term "colitis-associated cancer" (CAC) (53, 78) . Development of CAC in patients suffering from UC is one of the best clinically characterized examples of an association between intestinal inflammation and carcinogenesis (30, 74) . Several studies have shown that the PepT1 substrate and antitumor drug, bestatin, decreases cell proliferation and tumor growth. Previous work found that bestatin effectively inhibited the growth of colon adenocarcinoma 26 (colon 26) and myeloid leukemia C1498 in vivo (1) .
In the past several years, much effort has been devoted to modifying drugs that are not natural substrates of intestinal transporters, so that the drugs may be transported by proteins including PepT1. The work involves attaching modifying compounds to potential drugs to cause binding and subsequent transport by PepT1. These efforts are important to minimize adverse drug effects and to decrease drug dosage. For example, prodrugs that penetrate colon walls only poorly and drugs targeting colorectal cancer have been adapted for targeted delivery via addition of specific carrier transporters to improve oral bioavailability (36, 69) . One recent study focused on floxuridine, a drug commonly used to treat colon carcinoma and CRC (44, 73) . Addition of dipeptide moieties increased prodrug affinity for PepT1 and enhanced the ability of prodrugs to permeate Caco-2 cell monolayers. Additionally, the modified prodrugs were more resistant to breakage of an important glycosidic bond than the parent floxuridine (73) .
Finally, another line of research suggests that modification of gut flora composition may help alleviate IBD severity (67) . Until recently, PepT1 expression had not been assessed in the course of such studies. However, recent work in mice showed that colonic PepT1 expression was increased, accompanied by enhanced cephalexin transport, when IL10 Ϫ/Ϫ animals developed colitis (18) . Also, in the same study, probiotic treatment was shown to downregulate expression of PepT1 in the colon. When IL-10 Ϫ/Ϫ mice, which spontaneously develop colitis, were given Lactobacillus plantarum (L. plantarum), PepT1 expression and activity were reduced (18) . Additionally, colitis was attenuated in IL-10 Ϫ/Ϫ mice treated with L. plantarum compared with vehicle-treated IL-10 Ϫ/Ϫ animals. In a separate study by the same group, L. plantarum attenuated the upregulation of adhesion molecules such as ICAM-1 and MAd-CAM-1 in IL-10 Ϫ/Ϫ mice (20) . However, any relationship between attenuation of adhesion molecule expression and PepT1 downregulation upon treatment with L. plantarum remains undefined. Overall, these studies show that future potential therapies for IBD and CAC may target specific regions of inflammation via the oral route, using natural ligands of PepT1, chemically modified prodrugs that are transported by PepT1, or probiotics that downregulate PepT1 expression in the colon.
Conclusions
Continuing research has led to the development of new concepts that seek to explain the roles played by di/tripeptide transporters in intestinal disease. It is now widely accepted that PepT1 protein expression is upregulated in the colon when chronic inflammation (such as IBD) develops, and, in recent years, it has been established that PepT1 can transport bacterial peptides into cells. This internalization leads to interactions between bacterial peptides and innate immune receptors (including NOD), in turn triggering proinflammatory events (Fig. 2) . Future work will determine whether PepT1-mediated transport of bacterial products leads to activation of other innate receptors such as the intracellular TLRs or other NLR proteins. Furthermore, it will be important to determine whether other POT members are involved in intestinal inflammation, as it is now known that other POT family members can transport bacterial di/tripeptides. It is essential to determine whether PepT1 can be targeted to alleviate symptoms of IBD. Colonic PepT1 is expressed at minimal levels or not at all in healthy individuals; therefore treatments that effectively downregulate PepT1 expression may attenuate the inflammation found in patients with IBD. Additionally, treatments that exploit PepT1 transporter activity will likely increase the effectiveness of particular drugs by enhancing bioavailability after oral administration. Finally, several studies have shown that PepT1 is expressed by cancer cells (40, 55) . Therefore, future work should investigate the role played by PepT1 in cancer and the therapeutic potential of PepT1-mediated drug transport in both CAC and other types of cancers where PepT1 expression is present. 
